Model for the complex between protein G and an antibody Fc fragment in solution  by Kato, Koichi et al.
Model for the complex between protein G and an
antibody Fc fragment in solution
Koichi Katol*, Lu-Yun Lian2, Igor L Barsukov2, Jeremy P Derrick2t,
HaHyung Kim1, Runa Tanaka', Atsuko Yoshino1 , Miki Shiraishi1 ,
Ichio Shimada l , Yoji Arata' * and Gordon CK Roberts2*
'Faculty of Pharmaceutical Sciences, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan and 2 Department of Biochemistry and
Biological NMR Centre, University of Leicester, Medical Sciences Building, PO Box 138, University Road, Leicester LE1 9HN, UK
Background: Streptococcal protein G and staphylo-
coccal protein A are bacterial antibody-binding proteins,
widely used as immunological tools, whose antibody-
binding domains are structurally quite different. The
binding of protein G to Fc fragments is competitive with
respect to protein A, suggesting that the binding sites for
protein A and protein G on Fc overlap, notwithstanding
the fact that they lack sequence or structural similarity.
Results: To resolve this issue, the residues involved in
the interaction between an IgG-binding domain of pro-
tein G (domain II) and the Fc fragment of mouse IgG2a
have been identified by use of 13C and 15N NMR.
Binding of protein G domain II selectively perturbed res-
onances from residues between the CH2 and CH3
domains of Fc, whereas in domain II the residues affected
are primarily those on the a-helix and the third strand of
the 3-sheet. This information was used, together with the
structures of the two uncomplexed proteins, to construct
a model of the complex, using Monte Carlo minimization
techniques. In this model, the a-helix of protein G lies in
the same position as helix 1 of protein A in the crystal
structure of the protein A:Fc complex, but its orientation
differs from the latter by 180 °.
Conclusions: The interactions of the bacterial antibody-
binding proteins with their 'target' immunoglobulins
involve a very versatile set of protein-protein inter-
actions. First, the IgG-binding domains of protein A and
protein G have quite different three-dimensional struc-
tures, but bind to sites on the Fc fragment that overlap
extensively. Secondly, protein G employs two quite
different regions of its surface to bind to the Fab and Fc
regions of IgG.
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Introduction
A number of species of pathogenic bacteria, notably
Streptococcus and Staphylococcus, have proteins on their
surface that bind immunoglobulins (reviewed in [1]).
Protein A from Staphylococcus aureus and protein G from
species of Streptococcus are widely used as immunological
tools and are the most extensively studied of these anti-
body-binding proteins. A detailed understanding of the
binding mechanisms of these proteins is important, not
only for providing us with the structural basis for their
pathological and immunological functions, but also as a
contribution towards understanding the general rules of
protein-protein interactions.
Protein A contains five highly homologous Fc-binding
domains, each of -60 amino acid residues, designated
A-E [2,3]. These bind to the Fc portion of
immunoglobulin G (IgG) with an affinity which varies
with the species and subclass of IgG. The solution struc-
ture of an IgG-binding fragment composed of the B
domain of protein A expressed in Escherichia coli [4] has
been determined by NMR spectroscopy [5,6], and
shown to be a three-helix bundle.
Protein G from Streptococcus consists of -600 amino
acid residues. The carboxy-terminal half contains three
IgG-binding domains, referred to as domains I, II and
III, which are highly similar to one another [7,8]. Each
of these domains contains 55 residues, and is separated
from the others by short linker sequences. Protein G has
a broader specificity than protein A for IgGs from differ-
ent sources, and its IgG-binding domains are able to bind
to both the Fab and the Fc portions of the antibody
molecule, with relative affinities which are markedly
species-dependent [9,10]. We have previously reported
the solution structure determination by 1H NMR of
domains II and III from protein G of Streptococcus strain
G148 expressed in E. coli [11,12], and the crystal struc-
ture of domain III has recently been determined [13].
Each of these domains was found to consist of an a-helix
packed against a four-stranded antiparallel-parallel-
antiparallel P-sheet. Essentially identical structures have
been determined by others for a different IgG-binding
domain of protein G from another Streptococcus strain by
NMR [14,15] and X-ray crystallography [16,17].
It has been reported that the binding of protein G to Fc
fragments is competitive with respect to protein A, sug-
gesting that the binding sites for protein A and protein G
on Fc overlap [18,19], notwithstanding the fact that they
lack sequence or structural similarity. The binding site for
domain B of protein A on an Fc fragment derived from
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pooled human serum has been determined by X-ray
crystallography [20] and that on Fc fragments from
mouse monoclonal IgGs by 13C NMR [21]. These stud-
ies have revealed that domain B binds to the interface
region between the CH2 and CH3 domains of Fc. As yet,
however, no direct structural information on the binding
site for protein G on Fc is available.
We have recently established strategies for mapping inter-
actions with IgG molecules on the basis of 13C-NMR
data obtained by using selectively 1 3 C-enriched IgGs or
their proteolytic fragments [21-27]. Here we report an
NMR study of the interaction between Fc and protein G
in solution, using an Fc fragment of a mouse IgG2a anti-
body selectively labelled with 13 C at the carbonyl carbon
of the main chain and generally [13 C,15N]-labelled pro-
tein G domain II, to identify residues involved in the
binding. This has allowed us to construct a structural
model for the complex.
Results and discussion
Residues of Fc involved in binding protein G
The Fc fragment is too large a molecule for a complete
analysis of its NMR spectrum to be possible, and in order
to locate the binding site for protein G on Fc it is neces-
sary to label Fc selectively with individual [1 3 C]-amino
acids and to use their 13C resonances as 'probes'. In the
present study, we have used 13C resonances originating
from the carbonyl carbons of histidine, leucine, methion-
ine, tryptophan and tyrosine residues. The assignments of
the histidine, methionine, tryptophan and tyrosine reso-
nances to individual residues, most of which were made
by the ' 3 C-15N double-labelling method developed by
Kainosho and Tsuji [28], have been reported in previous
papers [21-24]. The resonances of the leucine residues
have not yet been specifically assigned.
Fig. 1 shows 13 C-NMR spectra of the mouse Fc(-y2a)
fragment labelled with [1- 13C]histidine and [1-1 3C]
Fig. 1. Part of the 100 MHz 13C-NMR
spectrum of the Fc fragment of mouse
IgG(y2a) labelled with [1-13C]histidine
and [1-13 C]methionine. (a) Spectrum of
the Fc fragment alone. (b,c) Spectra
showing the effects of addition of
increasing amounts [(b) 0.5 and (c) 1
molar equivalents] of domain II of
protein G.
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methionine. The spectrum shown in Fig. la is that of the
Fc alone; upon addition of domain II of protein G to the
Fc solution (as shown in the spectra of Fig. lb and lc)
the resonances of His435 and His436 were broadened so
as to become undetectable, whereas the resonances of
His433 and Met252 showed progressive changes in
chemical shift, accompanied by some line-broadening.
No significant changes (0.1 ppm) were observed for the
other signals in the spectrum. Similar experiments were
carried out using the leucine, tryptophan and tyrosine
resonances as spectroscopic probes, giving a total of 35
residues whose behaviour could be monitored. Of these,
only Met252, His433, His435 and His436 were affected.
The progressive change in chemical shift of the Met252
and His433 resonances on addition of domain II is char-
acteristic of rapid exchange between free and complexed
Fc. This behaviour is in contrast to the slow-exchange
behaviour seen for the Met252 resonance on addition of
domain B of protein A [21], and is consistent with the
observation, made using an enzyme-linked immunosor-
bent assay (ELISA), that the domains of protein G bind
relatively weakly to the Fc fragments of mouse IgG JP
Derrick, unpublished data) - much more weakly than
to human Fc fragments [29], and much more weakly
than domain B of protein A (H Kim, unpublished data).
For the resonances of His435 and His436, the predomi-
nant effect of addition of the protein-G domain is a
marked line-broadening (Fig. 1). This effect is very selec-
tive, and clearly does not arise from the -15% increase in
correlation time of Fc on formation of the complex.
Probably the simplest explanation is that this effect
reflects exchange broadening, i.e. the chemical shift
change of these resonances is greater than that of Met252
and His433, and of the same order as the rate of dissocia-
tion of the complex.
We have examined the pH dependence of the chemical
shifts of the histidine carbonyl 13 C resonances of the
Fc(,y2a) fragment in the presence and absence of domain
II. The spectral changes caused by the binding of domain
II disappeared below pH 5, presumably as a result of dis-
sociation of the complex, as seen previously for the com-
plex between domain B of protein A and the mouse
Fc(y2a) fragment [21]. Akerstr6m and Bj6rck [30],
working with whole IgGs, have concluded that the
strongest binding of protein G occurs around pH 5 for
both mouse IgG1 and mouse IgG2a. The difference
between this observation and our results with Fc frag-
ments can be explained by the contribution of Fab bind-
ing to the behaviour of the whole IgGs; the dissociation
constants for binding of domain II to whole mouse IgG1
and its Fab fragment are indistinguishable, both being in
the range 4-5 mM JP Derrick, unpublished data).
The four residues that are erturbed by addition of
domain II lie in the 'groove' between the CH2 and CH3
domains of Fc (Fig. 2a), indicating that this region is
primarily responsible for the binding of protein G. A
Fig. 2. Comparison of the residues of Fc affected by the binding
of (a) domain II of protein G and (b) domain B of protein A. In
the representation of Fc (only half the molecule is shown), side
chains are shown for the methionine, histidine, tryptophan and
tyrosine residues that have been selectively labelled, and of
these, those residues that are affected by binding the antibody-
binding domains are coloured red.
comparison with the results of similar experiments with
domain B of protein A [21] reveals that all of these
residues, 252, 433, 435 and 436, are also perturbed by the
binding of protein A (see Fig. 2b), although the effect of
domain II of protein G on the signal of His435 is greater
than that of domain B of protein A. The binding of pro-
tein A also affects the chemical shifts of residues 310, 314
and 429, which are not affected by protein G. We con-
clude that protein A and protein G bind to overlapping
but not identical sites on Fc. The observation that the
sites overlap is obviously consistent with the observation
that the two proteins bind competitively to Fc [18,19].
Residues of domain II involved in binding Fc
Gronenborn and Clore [31] have identified those residues
of a protein G domain from Streptococcus strain GX7809
whose amide resonances are affected by binding to a
human Fc fragment. We have carried out similar experi-
ments to identify the residues affected by binding to
Fc(,y2a), in order to have information on both partners in
the complex between domain II and mouse IgG2a. Fig.
3a shows 15N-1H correlation spectra, and Fig. 3b the
methyl region of 13 C-1H correlation spectra, of domain II
of [13 C,l5N]-labelled protein G. In each case, spectra of
the domain alone are shown in black, and those of the
domain in its complex with the Fc(y2a) in red. On for-
mation of the complex, the linewidths of all the reso-
nances are increased, as would be expected from the mol-
ecular mass of the complex (58 kDa), but it is nonetheless
clear that a significant number of them have chemical
shifts that are different from those in the spectrum of the
free domain. In all, the signals of rather less than a third of
the residues undergo significant (greater than the line-
width of the cross-peak) chemical-shift changes. Affected
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Fig. 3. (a) The 15N-1H heteronuclear single quantum correlation
(HSQC) spectrum and (b) the methyl region of the 13C- 1H hetero-
nuclear multiple quantum correlation (HMQC) spectrum of
domain 11 of protein G uniformly labelled with 15N and 13C,
alone (black) and in its complex with the Fc fragment of mouse
IgG2a (red). Assignments (in the spectra of the domain alone) are
indicated using the single-letter amino acid code.
resonances arise primarily from residues in the (c-helix
and in the third strand of the 3-sheet, as illustrated
schematically in Fig. 4, allowing a clear identification of
the part of the domain surface involved in the protein-
protein interaction. This pattern of affected resonances is
virtually identical to that observed by Gronenborn and
Clore [31] for the binding of a B1 protein G domain to a
human Fc fragment; the B1 domain contains only minor
sequence differences relative to the protein G domain
studied here. We find that the backbone amide resonances
originating from Lys33 and Val34 in the ot-helix are not
affected by binding to mouse Fc, whereas resonances from
the equivalent residues in the B1 domain were reported
by Gronenborn and Clore to change chemical shift on
binding to human Fc. It is clear that, notwithstanding the
markedly different affinity of protein G for mouse and
human Fc fragments, the same part of the surface of pro-
tein G is involved in binding to the two Fc fragments.
The part of the protein G surface affected by binding to
Fc is quite different from that involved in the strong
Fig. 4. The residues of the domain II of protein G affected by
binding to the Fc fragment of IgG. Those residues whose amide
1H/15N or methyl 1H/13 C chemical shifts and/or linewidths are
altered on formation of the complex are coloured in red. The
protein G domain is oriented with its amino terminus at the top.
The figure was generated with QUANTA (Molecular Simulations
Inc.), using the coordinates for domain II of protein G from
Streptococcus strain G148 [12] (PDP entry 1 IGG).
binding to the Fab fragment of mouse IgG1, which com-
prises the second strand of the 3-sheet together with the
loop at the carboxy-terminal end of the or-helix [32].
Model for the protein G:Fc complex
The information reported here on the residues in the two
proteins that are involved in the interaction, together with
the structures of the IgG-binding domains of protein G
[11,16] and of the Fc fragment [19], allows us to construct
an approximate model for the structure of the protein
G:Fc complex. Briefly, this was done as follows (details are
given in the Materials and methods section). An initial
structure was obtained by manually positioning the pro-
tein G domain and Fc so that those surface residues on
each protein identified by the NMR experiments as being
affected by complex formation were facing each other.
Six starting structures were then generated by changing
the orientation of the protein G domain relative to the
Fc molecule in 60° steps. Each of these structures was
then subject to Monte Carlo energy minimization. To
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whereas protein A in its complex has more extensive
interactions with the CH2 domain. This accounts for the
observed differences in the residues of Fc affected by the
binding of protein G and protein A (Fig. 2). The alterna-
tive structure obtained by superposition of domain II of
protein G onto domain B of protein A in the complex of
the latter with Fc in such a way that the helices of the
two proteins run in the same direction [31] had a very
unfavourable overall energy and a very high value of the
NMR penalty function; it does not account for the
observations summarized in Fig. 2.
The procedure used to arrive at this model depends on
the assumption that no substantial change occurs in the
conformation of either partner on formation of the
complex (no marked changes are seen in the crystal on
formation of the protein G:Fab complex [10,13]). It
therefore leads only to an approximate, and perhaps
somewhat speculative, model, but one which can be
tested by, for example, site-directed mutagenesis; such
experiments are in progress.
Fig. 5. Model of the complex between Fc and domain II of pro-
tein G, superimposed on the crystal structure of the complex
between Fc and domain B of protein A. The two structures were
superimposed by least-squares superposition of the backbone
atoms of the Fc fragments only; for simplicity, only half the mol-
ecule is shown. The protein G domain is shown in red, and the
protein A domain in yellow.
introduce the NMR information into the calculations, we
first loosely defined the interacting region on each protein
as including all surface residues within 8 A of one or more
residues whose chemical shift was affected by complex
formation. We then used a pseudo-potential which con-
strained the affected residues in either partner to lie close
to one or more residues of the other partner which were
within this interacting region.
This led to a series of minimized structures, two of
which had much lower overall energy than any of the
others. Of these two, one had slightly lower overall
energy, and a much lower value of the NMR-derived
pseudo-potential, and was selected as the best model. In
Fig. 5, this structure is compared with the crystal struc-
ture of the complex between Fc and domain B of protein
A [20]. In this model, the protein G domain is located in
the 'groove' between the CH2 and CH3 domains, with
the helix lying more or less in the groove, and the third
strand of the sheet making contact with the CH3
domain. Although no information on the structure of
the protein A-Fc complex was used in arriving at this
model, the helix of domain II of protein G is found to lie
in a position essentially identical to that occupied by
helix 1 of domain B of protein A in its complex with
human Fc [20]. However, the orientation of these two
helices differs by 180"° , so that the third strand of the P-
sheet of protein G interacts only with the CH3 domain,
Biological implications
The antibody-binding proteins of the cell surface
of Staphylococcus and Streptococcus species may play
a role in bacterial virulence, and the antibody-
binding domains of these proteins are widely used
as immunological tools. The interactions of these
domains with their 'target' immunoglobulins
apparently involve a very versatile set of protein-
protein interactions. Firstly, although the IgG-
binding domains of protein A and protein G have
quite different three-dimensional structures, they
bind to similar sites on the Fc fragment of IgG -
providing two different structural solutions to the
recognition of the same region of a protein sur-
face. Secondly, protein G is able to bind to Fab as
well as to Fc. Although the constant domains of
Fab and Fc are structurally related, they are recog-
nized by protein G in quite different ways. Protein
G binds 'edge-on' to the CHI domain in Fab, but
recognizes Fc by binding in a cleft between CH2
and CH3 domains. This is a remarkable degree of
versatility for a small domain, which is able to
recognize specifically two quite different protein
surfaces, by employing an almost completely
different set of residues on its surface.
Materials and methods
Materials
L-[1-13C]tyrosine was prepared as described previously [24].
L-[1-1 3C]methionine and 15NH4Cl were purchased from
Isotec, Inc., Miamisburg, Ohio, USA. All other 13 C-labelled
amino acids were purchased from ICON Services Inc.,
Summit, New Jersey, USA. The isotope enrichment is 95%
or higher in each case. Uniformly 13C-labelled glucose was
obtained from EMBL (Heidelberg, Germany). Clostripain was
from Sigma. All other chemicals were at least reagent grade and
were used without further purification.
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Preparation of isotopically labelled proteins
Isotopically normal and [13 C,1'N]-labelled domain II of pro-
tein G were prepared using an E. coli expression system and
purified as described previously [12,32]. Protocols for the
preparation of IgG and its Fc fragments selectively labelled
with 13C at the carbonyl carbon have been described previ-
ously [21-23]. The mouse cell line 27-1B10.7, which produces
anti-(dansil IgG2a) [33], was generously provided by Professor
LA Herzenberg and Dr VT Oi. Hybridoma cells adapted to a
serum-free medium (Nissui NYSF 404) were grown at 37°C
in a humidified atmosphere of 5% CO/95% air. IgG2a(s) is a
short-chain IgG2a variant antibody that lacks the entire CH 1
domain and the carboxy-terminal lysine [26,33,34]. The Fc
fragments obtained from the switch variant IgG2a(s) are
referred to as Fc(y2a).
NMR measurements
For the 13 C-NMR studies of selectively labelled Fc domains, a
sample volume of 2 ml was used in a 10 mm tube, containing
0.2-0.4 mM protein in 5 mM sodium phosphate buffer, pH
7.3, 200 mM NaC1, 3 mM NaN 3. 13C spectra were recorded
at 100 MHz on a Bruker AM 400 spectrometer, using a
WALTZ-16 composite pulse decoupling sequence. The free
induction decay was recorded with 32000 data points and a
spectral width of 24000 Hz. Chemical shifts are given in parts
per million (ppm) from internal dioxane. The sample tempera-
ture was 300C.
For the 1'N- and 3C-NMR studies of labelled protein G, a
sample volume of 0.45 ml was used in a 5 mm tube, containing
0.7 mM protein in 50 mM sodium phosphate buffer, pH 6.5
(90% H20,/10% 2H20). Spectra were acquired on a Bruker
AMX600 spectrometer at a sample temperatures of 37°C. The
HSQC [35] or HMQC pulse sequences were used, with a
GARP sequence to decouple 15N or 13C from the protons,
and the water signal was suppressed either by using 1 ms gradi-
ent pulses of maximum gradient strength 150 G cm-1 or by
low-power irradiation. 1H chemical shifts are expressed relative
to sodium 2,2-dimethyl-2-silapentane-5-sulphonate at 0 ppm,
15N chemical shifts are expressed relative to the ammonium
resonance of external 5 M 15NH4NO 3 in 2 M HNO 3 at
0 ppm, and 13C chemical shifts relative to external dioxane
at 67.4 ppm.
Modelling calculations
The modelling of the protein G:Fc complex by 'docking' the
two proteins together was achieved by Monte Carlo minimiza-
tion [36] with additional distance restraints derived from the
NMR data. Atomic coordinates for Fc structure were extracted
from the structure of the protein A:Fc complex [20]
[Brookhaven Protein Data Bank (PDB) entry 1FC2]. Protons
were added, and the conformation was energy minimized and
then kept fixed during Monte Carlo minimization.
Coordinates for the protein G domain were taken from the
first structure of the ensemble of 20 conformations calculated
from NMR data [12] (PDB entry 1IGG) after energy mini-
mization. The protein G domain was manually positioned rela-
tive to Fc so that the residues of the two proteins exhibiting
chemical shift changes upon complex formation were facing
each other. To obtain six starting structures of the complex for
Monte Carlo minimization, the orientation of the protein G
domain was rotated in 60° steps around an axis connecting the
centres of mass of the two proteins.
one surface atom were regarded as surface residues, where sur-
face atoms were defined as atoms having at least 0.5 A2 surface
area accessible to a spherical probe of radius 1.6 A.
The NMR data were included as a set of averaged distance
constraints. These distance restraints were chosen to reflect the
low-resolution NMR information available by simply guaran-
teeing that surface residues whose NMR signals are affected
appear in the protein-protein interface. Distance restraints
were set up separately between the backbone nitrogen atom of
each residue of protein G, which was seen by NMR to be
affected by complexation (residues 28-40 and 45-50), and each
surface atom of Fc within 8 A of those residues of Fc which
showed 13CO chemical-shift changes (242 atoms in this set). A
similar set of restraints was set up between carbonyl carbons of
Fc which showed chemical-shift changes (residues 252, 433,
435 and 436) and surface atoms of protein G within 6 A of
residues whose NMR signals were affected (144 atoms in this
set). In each case, the target distance was set to 4.5 A with a
lower limit of 1.8 A and an upper limit of 5.0 A (chosen after
examination of the crystal structures of the protein A-Fc [20]
and protein G:Fab [10] complexes). The individual contribu-
tions for each nitrogen atom (protein G) or carbonyl carbon
(Fc) were summed according to
r ( -)- 1 /6
where rn is the effective distance and the summation runs over
the surface atoms of the other partner in the complex. A
square-well potential with scale factor 50 was used for all dis-
tance restraints - 20 in all.
At each step of Monte Carlo minimization the position of the
protein G domain was randomly changed, with the maximum
amplitude of the random translational and rotational displace-
ment being 2 A and 8 respectively. Each displacement was
followed by 100 cycles of energy minimization modifying the
conformation of surface side-chains of the domain, followed by
50 steps of rigid-body energy minimization modifying its six
positional variables. This procedure was repeated twice at each
step. The energy function contained terms describing inter-
molecular interactions between surface residues of the two
proteins, and intramolecular interactions between surface
residues of protein G, using the all-hydrogen CHARMM force
field (X-PLOR parameter file par_all22 [37]) with a distance
dependent dielectric constant e=4r, where r is inter-atom dis-
tance, together with the NMR-derived restraints.
The resulting configuration was accepted if the Metropolis
selection criteria [38] for the sum of intermolecular energy and
NMR penalty function was satisfied. The simulation tempera-
ture was kept at 1200 K. The minimization was terminated
when no energy improvement and substantial coordinate
change was achieved after 40 accepted steps. Normally, it took
40-60 accepted steps for the system to reach the minimum.
Corresponding Monte Carlo minimizations without the
NMR-derived distance restraints took much longer to con-
verge, and the resulting conformations had much higher ener-
gies and/or did not agree with the NMR data.
All calculations were accomplished within X-PLOR version
3.1 [37] on a Silicon Graphics R4400 workstation. It took
-15 h to complete Monte Carlo minimization for one starting
structure.
During Monte Carlo calculations only interactions between
surface residues were considered. Residues containing at least
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